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1. Introduction

ABSTRACT

Exposure dating of boulders has been widely applied to determine the age of depositional surfaces under the
assumption that the pre-depositional nuclide component in most boulders is negligible. Here we present a
case study on fluvial terraces at the active mountain front of the eastern Andes, where this assumption is
clearly invalid, because sandstone boulders (n=13) from terraces at two sites contain a highly variable
inherited '°Be component and have apparent '°Be ages that exceed the age of the respective surface by up to
~90 ka. Likewise, boulders from active stream channels (n=5) contain a substantial inherited '°Be
component, equivalent to 5-48 ka of exposure. The age of the fluvial terraces is well determined by two
approaches that allow to correct for the pre-depositional nuclide component: '°Be dating of amalgamated
pebbles and '°Be depth profiles on sand samples. At site 1, three terraces have '°Be ages of 3-5 ka (T5), 11-
13 ka (T3), and 16-20 ka (T,4), which are consistent with the terrace stratigraphy. The age of terrace Ts is
confirmed by a calibrated ' C age of 12.61 & 0.20 ka BP obtained from a wood sample. At site 2, terrace Ts has
a '%Be age of 13-16 ka. The average inherited '°Be concentration of sand grains - determined from depth
profiles and stream sediments - is small and equivalent to 1-3 ka of exposure. In contrast, the mean
inheritance of pebbles and boulders is higher and equivalent to exposure times of ~10ka and ~30 ka,
respectively. These differences in the pre-depositional nuclide component are related to the different
provenance and transport history of sand, pebbles, and boulders. The sand is derived from rapidly eroding
Miocene sediments exposed near the mountain front, whereas the pebbles and boulders originate from
Triassic sandstones in the internal part of the fold-and-thrust belt. On their way to the mountain front,
boulders and pebbles were temporarily stored and irradiated in alluvial fans that are currently reworked. As
sediment deposition in intramontane basins and their subsequent excavation is common in the Andes and
other fold-and-thrust belts, the presence of pre-depositional nuclide components should be evaluated when
applying exposure dating at active mountain fronts.

© 2010 Elsevier B.V. All rights reserved.

known as inherited component, must be determined or, alternatively,
it must be shown that it is negligible.

Exposure dating of depositional surfaces using in situ-produced
cosmogenic nuclides is an important tool in geomorphology and can,
for instance, be used to quantify slip rates of active faults (e.g. Gold et
al.,, 2009; Hetzel et al., 2002; van der Woerd et al., 1998), determine
rates of river incision (e.g. Burbank et al., 1996; Hetzel et al., 2006),
date phases of rapid alluviation (e.g. Hein et al., 2009; Pratt et al.,
2002), or constrain periods of debris flow activity (e.g. Diihnforth et
al., 2007). When dating depositional surfaces such as river terraces or
alluvial fans it is necessary to take into account that cosmogenic
nuclides are not only produced after formation of the respective
surfaces, but also during erosion of the host rock and sedimentary
transport of clasts. This pre-depositional nuclide component, also
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To quantify the pre-depositional nuclide component Anderson et
al. (1996) introduced an approach that is based on the amalgamation
of many clasts into one sample. This amalgamation averages the
inherited components of the individual clasts, which result from their
different exhumation and transport histories. Numerical modeling by
Hancock et al. (1999) has shown that at least 30 clasts are required to
reduce the standard deviation of the inherited component to 20%. At
least two samples are required to apply the amalgamation approach: a
surface sample and a sample from the subsurface, which is typically
taken at a depth of 1-2 m. The different nuclide concentrations of
these two samples, which result from the attenuation of the cosmic
rays with depth, can be used to quantify both the inheritance of the
sediment and the exposure age of the alluvial surface, if the surface
has not been eroded (Anderson et al., 1996). The amalgamation
approach assumes that the inherited nuclide component over the
sampled depth interval is constant, which is difficult to demonstrate
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from just two samples. Therefore, subsequent studies used several
subsurface samples to obtain depth profiles (e.g. Guralnik et al., 2011;
Hancock et al., 1999; Hetzel et al., 2002; Phillips et al., 1998; Repka et
al., 1997). If the sediment had indeed a constant nuclide concentration
with depth at the time of deposition, measured nuclide concentra-
tions will follow the shifted exponential equation

C(z) = G + Cexp(—p2), (1)

where C(z) is the nuclide concentration C at a depth z, C; is the
inherited nuclide concentration, Cs is the post-depositional nuclide
concentration at the surface of the deposit, and p is the absorption
coefficient defined as p=p/A, where p is the density and A the
effective attenuation length of the secondary neutrons (Hancock et al.,
1999; Lal, 1991; Phillips et al., 1998). Note that this equation does not
account for the decay of radionuclides, which is justified if the age of
the surface is small relative to the half-life. It also neglects the
subordinate production of cosmogenic nuclides by muons. For
surfaces that are relatively old or have been significantly eroded the
nuclide production by negative and fast muons should be taken into
account (for details see Braucher et al, 2009; Hein et al., 2009;
Schaller et al., 2010; Siame et al., 2004). Instead of using depth
profiles, another more simple way of estimating the inherited nuclide
component is to analyze sediment from active channels (Hancock et
al., 1999; Hetzel et al,, 2002; Repka et al., 1997). However, this
approach requires that the stream sediments have the same nuclide
concentration as the sediments deposited during the formation of the
surfaces. This assumption may be incorrect because rates of erosion
and sediment transport can vary through time, in particular over
glacial-interglacial cycles (e.g. Meyer et al., 2010; Schaller et al.,
2004).

Exposure dating of individual boulders or cobbles is another
way to determine the age of depositional surfaces (e.g. Bierman et
al., 1995; Brown et al., 2002; Siame et al., 1997; van der Woerd et
al.,, 2006). If several boulders from the same surface yield exposure
ages that are identical within their error, it is likely that the
boulders contain only a negligible inherited component. Indeed, a
tight clustering of ages has been documented by several studies,
although a few boulders (or cobbles) may yield older ages
(Bierman et al, 1995; Kirby et al., 2006; Palumbo et al., 2009;
Ritz et al., 2003; Siame et al., 1997; Zehfuss et al., 2001). The latter
are considered as outliers with a significant inherited component
(e.g. Brown et al.,, 2002; van der Woerd et al., 1998). The fact that
many boulders and cobbles have a negligible pre-depositional
component likely results from the rapid erosion of their source
area, for example by intense glacial activity or repeated landsliding,
and a short transport time in the channel network (e.g. van der
Woerd et al., 1998). Especially boulders from moraines often yield
narrow age clusters thus indicating a negligible inherited compo-
nent (e.g. Kaplan et al., 2010; Mériaux et al., 2009; Phillips et al.,
1997; Schaefer et al., 2009).

In this study we apply exposure dating of boulders and the
amalgamation approach on sand samples and pebbles to date fluvial
terraces at the mountain front of the Andean Precordillera with
cosmogenic °Be in quartz. Our results show that 17 of 18 boulders
have a significant inherited component, which precludes their use for
exposure dating. In contrast, sand samples from depth profiles and
amalgamated pebbles yield stratigraphically consistent exposure ages
for the terraces.

2. Geology of the study area in the eastern Andes

The Andean Precordillera is a north-south trending fold-and-
thrust belt that constitutes the easternmost mountain range of the
Andes between 28° and 33° S (Ramos et al., 2002; Vergés et al., 2007).
In the southern part of the Precordillera, north of Mendoza, sediments

of Triassic to Ordovician age are exposed in the hanging wall of the
inactive Higueras thrust (Fig. 1a; Ahumada et al., 2006; Septlveda,
2001). At the mountain front farther east, Miocene sediments are
thrust upon Late Quaternary sediments by the tectonically active
Peiias thrust (Fig. 1a; Ahumada and Costa, 2009; Costa et al., 2000).
Alluvial fans at the active mountain front have been incised by
ephemeral streams that formed several fluvial terraces of Late
Pleistocene and Holocene age. We studied these terraces at two
sites, the Escondida creek and the Bafios Colorados creek (Fig. 1b). At
each site four fluvial terraces (T, to T4) are present (Fig. 2). The
terraces at both sites are deformed by active faults, which will be
described in a separate contribution on the active tectonics of the
region.

The sediment in the active streams at both sites has a wide grain
size spectrum ranging from silt to boulders with a diameter of up to
2 m. Sediment transport from the internal parts of the Precordillera to
the active mountain front (Fig. 3a) occurs mainly by debris flows. The
effective sediment transport during such events is illustrated by a
recent debris flow that occurred between our two field seasons in
August 2008 and August 2009 (Fig. 3b). The debris flow deposited
pebbles and cobbles on top of snapped bushes and transported meter-
sized boulders. The boulders in the active channels consist of different
lithologies exposed in the Precordillera, namely gray Ordovician
limestones, greenish Devonian sand- and siltstones, reddish Triassic
sandstones and conglomerates, and reddish-orange Miocene sand-
stones. Boulders consisting of Ordovician and Triassic sediments are
present on all terraces, whereas the rapidly weathering and disin-
tegrating boulders of Miocene sandstones decrease in abundance
from T, to T, and are absent on the older terraces Ts and T,4. Apart from
boulders, the terrace deposits consist largely of gravel and sand
(Fig. 3¢c). The surfaces of the older terraces T3 and T4 exhibit relatively
well developed desert pavements that consist predominantly of
pebbles and cobbles and minor amounts of fine-grained sediment in
the interstitial space between the larger clasts (Fig. 3d). On the two
lower terraces the desert pavement is poorly (T;) to moderately (T5)
developed and, in contrast to the higher terraces, boulders and clasts
on these rather young surfaces show no or only weakly developed
desert varnish.

3. Sampling, analytical procedures, and calculation of '°Be
exposure ages

To constrain the age of the fluvial terraces we collected samples
from flat and pristine parts of four terraces. At site 1 we took samples
from terraces T, to T4, whereas at site 2 only terrace T3 was sampled.
In order to compare the different exposure dating approaches
outlined in Section 1 we used three different types of samples:
boulders, pebbles, and sand. We sampled only Triassic sandstone
boulders (Fig. 3e), because they are resistant to weathering, rich in
quartz, and widespread on all terraces. All boulders (n = 18) had a size
of 25 to 50 cm and showed dark desert varnish on their upper surface,
except for the five boulders taken from the stream bed of Escondida
creek upstream of the terraces. All boulders from the terraces were
partly embedded in the terrace deposits, and were therefore in a
stable position since their deposition (Fig. 3e).

To apply the amalgamation approach we obtained a sand sample
at the surface of each terrace and collected 3-4 subsurface sand
samples from pits excavated to a depth of ~180 cm. In addition, one
sand sample was taken from the active stream bed of the Escondida
creek at site 1 to compare its nuclide concentration with the inherited
component present on the terraces. The terrace deposits in all four
pits showed clear bedding in the clast and sand horizons. Although
shrubs on the terraces may indicate the presence of burrowing
animals, we did not recognize any evidence of bioturbation. In the pit
on terrace Ts at site 1 we did find a larger wood sample at a depth of
~20 cm (Fig. 3f). The plant remnant - probably a root or a branch of a
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Fig. 1. (a) Geological map of the study area in the Andean Precordillera ca.

Site 2: Banos Colorados creek

40 km north of Mendoza (modified after Ahumada et al., 2006, and Septlveda, 2001). (b) Aerial

photograph with the two studied sites at Escondida creek and Bafios Colorados creek.

bush - had a diameter of 3.5 cm and extended subhorizontally for at The third sample type for °Be exposure dating were amalgamated
least 15 cm, but was broken into numerous parts. It was analyzed for pebbles of sandstones from the terraces T,-T4 at site 1 (Fig. 3d). For

14C at the Leibniz-Laboratory for Radiometric Dating and

Stable these samples we used exclusively pebbles of Triassic sandstone, i.e.

Isotope Research in Kiel, Germany (analysis number KIA37376). the same lithology as the sampled boulders. Each sample consists of at

Terraces T, T, TS

Fig. 2. Geological interpretation of (a) site 1 at the Escondida creek, and (b) site 2 at the Bafios Colorados creek.
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Fig. 3. (a) Northward view along the mountain front of the Precordillera with site 1 (Escondida creek). The point of view is shown in Figure 1b. (b) Boulders deposited in the
Escondida creek by a debris flow in the austral summer 2008/2009 which snapped the bush in the center. The point of view is shown in Figure 2a. (c) Terrace Ts (site 1) viewed
towards the west in the direction of the Miocene sandstones. At the smooth square with the hammer we collected the sand sample 08A20 and dug the pit for a depth profile. The
point of view is shown in Figure 2a. (d) Desert pavement on T (site 1) at the locality where we took the reddish Triassic sandstone pebbles of sample 08A19. (e) Triassic sandstone
boulder on T, (site 1). (f) Wood sample obtained from the pit on T5 (site 1) at a depth of ~20 cm.

least 73 clasts with a length of 1.5-10 cm. Large clasts (4-10 cm) were
broken to smaller fragments in order to use a similar amount of
material from each clast. Owing to the low abundance of the Triassic
pebbles in the excavated pits, it was not possible to amalgamate a
reasonable number of pebbles to obtain subsurface samples. Hence,
we collected one amalgamated pebble sample in the active river bed
of Escondida creek to estimate the average inherited nuclide
component of the pebbles.

All rock samples were crushed, washed and sieved, and the
250-500 um size fraction was split into a magnetic and a non-
magnetic fraction. The latter was purified according to procedures
introduced by Kohl and Nishiizumi (1992), with 2-4 additional
etching steps in aqua regia and HF as described by Goethals et al.
(2009). After addition of ~0.26 mg of °Be carrier solution, the
quartz samples (34 to 50g each) were dissolved and Be was
separated in ion exchange columns (for details see Goethals et al.,
2009). Finally, the Be was precipitated as Be(OH),, transformed to
BeO and pressed into targets, which were analyzed by accelerator
mass spectrometry (AMS) at the ETH Zurich. The measurements
were normalized to the standards S555 and S2007 with nominal
10Be/°Be ratios of 95.5x107'2 and 30.8x107'2, respectively
(Kubik and Christl, 2010). These secondary standards were
calibrated to the ETH standard material BEST433 (Hofmann et al.,

1987). The AMS measurements were carried out as described by
Kubik and Christl (2010).

10Be exposure ages were calculated with the CRONUS-Earth '°Be-25Al
online calculator, version 2.2.1 (Balco et al., 2008; http://www.hess.ess.
washington.edu). The calculator uses a '°Be half-life of 1.387 4-0.012 Ma
(Chmeleff et al., 2010; Korschinek et al., 2010) and corrects for the
different half-life and standard material used at the AMS facility in Zurich.
We used the time-dependent scaling scheme of Lal (1991) - Stone
(2000), which takes temporal variations in the magnetic field intensity
into account (Dunai, 2001). The exposure ages of the boulders (Table 1)
and amalgamated pebbles (Table 2) were calculated under the
assumption of no erosion, since these two sample types consist of
resistant Triassic sandstones. To calculate exposure ages from the depth
profiles, we first determined the inherited and post-depositional nuclide
components of the sand samples, C; and C;, using regression analysis. The
analysis minimizes the difference between the '°Be concentrations
measured in the depth profiles and the exponential function of Eq. (1)
and takes the errors of the °Be concentrations into account. In the
regression analysis we used a value of 160 gcm™2 for the neutron
attenuation length A (Gosse and Phillips, 2001) and an estimated density
of 2.0 g cm > for the terrace deposits. This choice results in a value of
0.0125 for the absorption coefficient p in Eq. (1). As both density and
attenuation length are not exactly known we assigned an error of + 10%
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Table 1

Geomorphic setting, '°Be concentrations, and apparent '°Be ages of Triassic sandstone boulders.
Sample Geomorphic Latitude Longitude Elevation Shielding Sample 10ge 10ge Internal External
ID surface WGS84 (m) factor® thickness” congentratlionc age! 1 l(I error 1 l((f error

- cm - ka a
) W) ) (cm) (10%atg™") (ka) (ka) (ka)

Site 1 (Escondida Creek)
08A24 T, 32.5210 68.7905 725 0.9992 5 702+£25 89.9 +35 +84
08A25 T, 32.5213 68.7915 733 0.9992 5 753+£2.7 96.0 +3.9 +9.0
08A26 T, 32.5214 68.7920 734 0.9992 5 6.7540.54 9.19 +0.74 +1.1
08A1 Ts 32.5198 68.7906 738 0.9991 4 456424 57.3 +34 +5.8
08A2 Ts 32.5200 68.7907 737 0.9991 4 64.843.7 81.6 +5.2 +8.5
08A9 Ts 32.5234 68.7936 745 0.9984 4 29.74+1.7 37.2 +23 +3.8
08A10 Ts 32.5236 68.7936 745 0.9984 8 266+1.2 34.7 +16 +33
08A11 T3 32.5201 68.7908 735 0.9991 5 145411 19.4 +15 +2.2
08A3 Ty 32.5240 68.7955 756 0.9969 4 302417 38.7 +23 +4.0
08A29 Ta 32.5241 68.7954 757 0.9969 5 65.6+3.0 82.1 +4.1 +8.0
08A22 Active stream 32.5120 68.8156 915 - 5 5794035 742 +0.45 +0.77
09A7 Active stream 32.5233 68.7990 742 - 5 3.6040.25 4.99 +0.33 40.54
09A8 Active stream 32.5234 68.7992 743 - 5 18.7140.80 244 +1.1 +2.3
09A9 Active stream 32.5234 68.7992 743 - 5 388+1.9 48.0 +2.6 +4.7
09A10 Active stream 32.5221 68.8116 760 - 5 13.184+0.45 173 +0.60 +1.6
Site 2 (Bafios Colorados Creek)
08A4 Ts 32.5472 68.7833 745 0.9997 4 10.754+0.56 14.31 +0.75 +14
08A5 Ts 32.5472 68.7832 743 0.9997 4 14.76 +-0.63 19.37 +0.84 +1.8
08A23 Ts 32.5459 68.7829 732 0.9997 5 23.724-0.88 30.7 +1.2 +29

¢ The shielding factor includes only correction for skyline shielding. For boulders from the active stream channel no shielding correction was applied.

b To take the sample thickness into account we used a rock density of 2.65 g cm>.

¢ Blank-corrected '°Be concentrations. The propagated analytical errors (10) include the error based on counting statistics and the error of the blank correction.
4 Ages were calculated under the assumption of no erosion with the CRONUS-Earth '°Be-2°Al calculator, version 2.2.1 (Balco et al., 2008; http://www.hess.ess.washington.edu)
using the time-dependent scaling scheme of Lal (1991) - Stone (2000). Internal uncertainties include errors from the counting statistics and the blank correction, whereas external

uncertanities also include the error of the production rate introduced by the scaling model.

to the absorption coefficient . The post-depositional '°Be concentration
at the surface, C;, is reported in Table 2 and was used as input for the
online calculator to determine two ages for each depth profile (Table 2).
The first age neglects erosion of the terraces and is therefore a minimum
age. The second age takes erosion into account and was calculated under
the assumption of a constant erosion rate of 20 mm ka~"'. The choice of
this erosion rate is justified in Section 4. All '°Be ages are presented with
internal and external errors. Internal errors only take into account the
measurement uncertainty and, in case of the depth profiles, a 10%
uncertainty on the absorption coefficient . They should be used to
compare different exposure ages. In contrast, the external errors also
include the uncertainty of the local °Be production rate and are relevant
for comparing exposure ages with ages obtained by other methods (Balco
et al., 2008).

4. Results of the different dating approaches

The apparent '°Be ages of the boulders from each of the four
studied terraces show a large scatter (Fig. 4). For instance, three
boulders sampled in a small area of terrace Tz (site 1) yield apparent
ages of 19 £ 2 ka, 57 4+ 6 ka, and 82 4-9 ka, whereas samples from the
adjacent lower terrace T, range from 94-1 ka to 9649 ka (Fig. 4a).
Furthermore, there is no correlation between apparent °Be ages and
terrace stratigraphy as the two oldest ages of ~90 ka and ~96 ka occur
on the youngest sampled terrace T, (Fig. 4a). It appears that most, if
not all boulders, have a substantial inherited °Be component that is
highly variable from boulder to boulder. This is supported by five
boulders that were sampled upstream of the terraces in the active
stream bed of the Escondida creek. These boulders have apparent '°Be
ages between 5 ka and 48 ka (Table 1).

Compared to boulders, the sand samples from the surfaces of the
terraces have much lower '°Be concentrations. Under the assumption of
no erosion, the post-depositional nuclide concentrations derived from
the depth profiles yield minimum '°Be ages of 3.20 - 0.48 ka for terrace
T, 11.1+1.0ka for Ts, and 16.0+2.6 ka for T, (site 1), which are

consistent with the stratigraphy of the terraces (Fig. 5a-c, Table 2). Note
that the age of terrace T, is only based on the three subsurface samples,
because the surface sample has a similar '°Be concentration as the
sample from a depth of 58 cm (Fig. 5c). Likewise, the uppermost two
samples on terrace Ts at site 2 show similar 10Be concentrations
(Fig. 5d). Neglecting the surface sample yields a minimum age of 13.5 +
1.6 ka, which coincides with the youngest boulder age of 14.31+
0.75 ka for this terrace (Fig. 4b).

The presence of variably developed desert pavements on the
fluvial terraces indicates that the assumption of no erosion is - strictly
speaking - not correct. We interpret these pavements to result from
the deflation of fine-grained material, i.e. silt and sand, and the
relative enrichment of pebbles at the surface of the terraces (cf. Breed
etal,, 1997; Cooke and Warren, 1973; Goudie and Wilkinson, 1977). If
this interpretation is correct, the progressive enrichment of pebbles in
the developing pavements should gradually protect the underlying
terrace deposits from further deflation. Thus, it seems plausible that
the rate of deflation and erosion slows down during pavement
formation. If the pavements had formed rapidly, the minimum
exposure ages - calculated under the assumption of no erosion -
may be close to the depositional age of the terraces (Table 2). If, on the
other hand, pavement formation has proceeded at low rates and
erosion rates have slowly decreased through time, the assumption of a
constant erosion rate would be more appropriate for calculating
exposure ages. Erosion rates reported for depositional surfaces in
different climate regimes range from <1 mm ka~! for glacial outwash
surfaces in Patagonia (Hein et al., 2009) and surfaces in the hyperarid
Negev desert (Matmon et al., 2009), to ~30mmka~! for mid-
Pleistocene terraces in humid France (Siame et al., 2004). To take
erosion of the studied terraces into account we calculated a second set
of 1°Be ages using an erosion rate of 20 mm ka~'. The resulting °Be
ages are 0.14 ka (terrace T,) to 4.1 ka (terrace T4) older than those
determined under the assumption of no erosion (Table 2). The chosen
erosion rate of 20 mm ka~! implies that 26 and 40 cm of fine-grained
material were removed from the terraces Ts and Ty, respectively. This
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Fig. 4. (a) '°Be exposure ages and one calibrated '# C age at site 1 (Escondida creek). The five boulders from the active channel are not shown because they were taken upstream of
the terraces, i.e. west of the area shown in the map. The ages derived from depth profiles on sand were calculated under the assumption of no erosion (ages in the first line) and using
a constant erosion rate of 20 mm ka~! (ages in the second line). The 1o errors of the °Be ages are given as external uncertainties; whereas the error of the '# C age is given as 20

uncertainty. (b) '°Be exposure ages at site 2 (Bafios Colorados creek).

amount appears to be roughly consistent with the proportion of
pebbles observed in the terrace deposits and the generation of the
desert pavements by pebble enrichment. Finally, we note that the
influx of wind-blown material seems to be unimportant in our study
area because a silt layer without pebbles - as present underneath
many desert pavements in the western U.S. (McFadden et al., 1987;
Wells et al., 1995) — was not observed.

For the pebble samples from the terraces T, to T, at site 1 the
inherited nuclide component was corrected with the '°Be concentration

of the pebble sample 08A30 from the active stream bed (Table 2). This
approach assumes that the inheritance of pebbles in the active stream is
the same as the inheritance of the pebbles on the terraces when they
were deposited. Subtracting the '°Be concentration of the stream
sediment sample from those of the terrace samples yields '°Be ages of
536+0.88 ka for Tp, 124+ 1.0ka for Ts, and 18.44+1.2 ka for Ty
Considering the 20 error limits, these ages are consistent with the two
sets of ages derived from the depth profiles, which were calculated with
and without erosion (Table 2).
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The wood sample from the pit on terrace T3 (site 1) yields a
radiocarbon age of 10,620 440 BP, which was calibrated to 12,610+
200 calendar years BP (20 error) using CALIB 5.1 (Stuiver et al., 2009)
and the IntCal04 calibration curve (Reimer et al., 2004). The calibrated
14 C age of 12.61+£0.20 ka BP is in agreement with the '°Be ages for T3
obtained from the depth profile (11.14 1.4 and 13.0 + 1.9 ka) and the
pebble sample (12.4+ 1.5 ka) (Table 2).

5. Discussion

The age of the fluvial terraces at the mountain front of the Andean
Precordillera north of Mendoza is well constrained by '°Be depth
profiles obtained on sand samples and '°Be dating of amalgamated
pebbles. Both approaches yield ages that are consistent with the
stratigraphy of the terraces and for each surface the ages agree within
errors (Table 2). The amalgamated pebbles from terrace Ts at site 1
yield an age of 12.44- 1.5 ka, whereas ages of 11.1 4 1.4 ka (assuming
no erosion) and 13.0+ 1.9 ka (with an erosion rate of 20 mm ka™")
were obtained from the depth profile. A calibrated '* C age of 12.61 +
0.20 ka BP for terrace Ts is consistent with these '°Be ages. On terrace
T, the age distribution is similar. Here, the pebble sample has an age of
18.44 1.2 ka, which again lies between the two ages derived from the
depth profile (16.0+2.6ka and 20.1+2.9ka). On the youngest
terrace T, the nominal age of the pebbles is older than those obtained
from the depth profile, although the three ages agree within 2o errors
(Table 2).

Although the exposure ages derived from depth profiles and
amalgamated pebbles yield consistent results, both dating approaches
have inherent weaknesses. By using pebbles from the active stream
bed to correct for the inherited nuclide component, one assumes that
their mean '°Be concentration is identical to those of the terrace
pebbles. As this assumption is not necessarily correct, the ages of the
amalgamated pebbles have an additional uncertainty that is difficult
to quantify. For the sand samples from depth profiles, minimum
exposure ages calculated by neglecting erosion may only provide
useful lower limits, if pavement formation by deflation has occurred

9Be concentration (at/g 10%)
o 2 4 6 8 10 12 14

rapidly. The presence of desert pavements indicates that erosion
should be taken into account, however, choosing an appropriate
erosion rate is difficult because pavement formation is most likely a
non-linear process. The observation that the age of ~13.0ka for
terrace Ts (calculated with erosion) agrees well with the '“C age of
12.6 ka suggests that the chosen erosion rate of 20 mmka~! is
roughly adequate for terrace Ts. If erosion by deflation of fine-grained
material has decelerated through time, the '°Be age for terrace T, may
be slightly overestimated because both T3 and T4 possess rather well
developed pavements. On the other hand, the age of terrace T, that
considers erosion may be slightly too young, if deflation proceeded
rapidly during the initial stage of pavement formation. This would
explain why the nominal age of the pebbles from T is older than the
age obtained from the depth profile (Table 2). These considerations
suggest that the youngest and oldest exposure ages derived from
pebble and sand samples represent reasonable lower and upper
bounds for the depositional age of the fluvial terraces. Thus, we infer
that the terraces at site 1 formed at 3-5 ka (terrace T,), 11-13 ka
(terrace Ts), and 16-20 ka (terrace T4), while terrace T3 at site 2 is 13-
16 ka old.

The 1°Be profiles in all four pits show decreasing '°Be concentra-
tions with depth, but in profiles on T4 (site 1) and Tz (site 2) the
surface samples and that from a depth of ~60 cm have similar nuclide
concentrations (Fig. 5¢,d). Hence, the surface samples have °Be
concentrations that are too low compared to the depth samples and
we neglected them when calculating the °Be ages. The phenomenon
of a too low °Be concentration in sand surface samples was already
mentioned by Matmon et al. (2006) on fluvial samples from southern
California. The low '°Be concentrations of the surface samples is
difficult to explain because bedding is preserved at the pit walls and
there is no clear evidence for bioturbation. Still, the former presence of
bushes at the sampled sites may have caused local mixing in small
parts of the pits that did not affect the sections exposed in the pit
walls. Another process that may have contributed to a lowering of the
10Be concentration of the surface samples is the disaggregation of
boulders composed of Miocene sandstone. This boulder type is
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Fig. 5. '°Be depth profiles derived from sand samples at site 1 (a—c) and at site 2 (d). The dotted vertical line represents the inherited '°Be concentration and the gray field indicates
its 10 error. The post-depositional '°Be concentration at the surface, C, determines the age of the terraces and is given in Table 2. Errors of the ages (10) are given as internal
uncertainties. Ages in the first line were calculated under the assumption of no erosion, whereas the ones in the second line assume an erosion rate of 20 mm ka~". In the pit on
terrace Ts (b) a calibrated 'C age of 12.61 + 0.20 ka BP obtained from a wood sample confirms the '°Be age of the terrace.
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abundant on terrace T but rapidly weathering and disintegrating, and
therefore does not occur on terraces T3 and T4 The decay of such
boulders on the older terraces likely produces sand grains with low
10Be concentrations, but the former positions of these boulders are
difficult to recognize. If we had sampled areas where such boulders
were once present this would help to explain the low !°Be
concentrations of the two surface samples.

The nominal values for the pre-depositional '°Be concentration
obtained from the depth profiles at site 1 slightly decrease with
terrace age from ~2.2 to ~1.2x10%at g~ ! (Fig. 5a—c). Although the
different values agree within error, this may indicate a trend towards
a lower inheritance for younger surfaces. This is supported by the
even lower '°Be concentration of ~0.7 x 10% at g~ ! of the sand sample
from the active stream bed of Escondida creek (Table 2). The low '°Be
concentration of this sample emphasizes that for determining precise
exposure ages the inherited component should be quantified from
depth profiles on each surface to be dated.

Although reasonable exposure ages for depositional surfaces have
been obtained by dating individual cobbles or boulders (e.g. Brown
et al,, 2002; Kirby et al., 2006; Mériaux et al., 2009; Palumbo et al.,
2009; van der Woerd et al., 1998; Zehfuss et al., 2001), the highly
variable 1°Be ages of all boulders analyzed in this study demonstrate
that the approach may fail completely. As all analyzed boulders
consist of resistant Triassic sandstone, the huge differences in their
apparent ages (Table 1) cannot result from differences in the erosion
of the boulders after their deposition. The variable '°Be ages must be
caused by a variable and significant inherited nuclide component,
which is also present in the five boulders from the active stream bed
(Table 1). Note that these boulders were sampled 0.2 to 2 km
upstream of the four terraces at site 1. In principal, two scenarios are
possible to explain this phenomenon. First, the individual sandstone
boulders may have experienced different irradiation histories during
their exhumation in the source area, which is located west of the
Higueras thrust (Fig. 1a), and during sedimentary transport to the
mountain front through the channel system. It is unlikely that the
boulders acquired their high '°Be concentration during sedimentary
transport, because their transport occurs largely via debris flows
(Fig. 3b). If, on the other hand, the boulders acquired their pre-
depositional component during exhumation, we would expect similar
nuclide concentrations in boulders and pebbles, because both consist
of Triassic sandstones. As the average pre-depositional '°Be concen-
tration of the boulders (which is equivalent to ~30 ka of exposure) is
three times higher than that of the amalgamated pebbles (equivalent
to ~10 ka of exposure), this is clearly not the case. Hence, we favour a
second scenario and propose that the high and variable inheritance of
the boulders is related to their temporal storage and irradiation on the
way to the mountain front. In the internal part of the Precordillera
several alluvial fans are aligned in the footwall of the presently
inactive Higueras thrust (Fig. 1a). We argue that the boulders have
been irradiated there and were later reworked and transported to the
studied terraces at the active mountain front. We envisage that the
remobilization of boulders from the eroding alluvial fans is more
difficult than that of smaller clasts, which would explain the higher
pre-depositional '°Be concentrations of the boulders as compared to
the pebbles.

Geological and geomorphological studies demonstrate that the
oscillatory filling and excavation of intramontane basins as a result of
climatic changes has played an important role during the evolution of
the eastern Andes (Beer et al., 1990; Hilley and Strecker, 2005;
Kleinert and Strecker, 2001). Hence, exposure and irradiation of
sediment temporally stored in intramontane basins may have been a
common process during the formation of the Andean fold-and-thrust
belt. As a consequence, the presence of a high and variable pre-
depositional nuclide component may be the rule rather than the
exception at the mountain front of the eastern Andes. In other regions
exposure dating of depositional surfaces has also been hampered by a

variable inheritance of cobbles and pebbles. For instance, a study at
the northern margin of Tibet revealed that seven out of ten individual
cobbles from an active stream channel had '°Be and 2°Al concentra-
tions equivalent to exposure periods of 2.4 to 60 ka (Mériaux et al.,
2005). Likewise, ten boulders from an active stream in California
yielded significant and variable '°Be concentrations of 0.09 to
1.96x10° at g~! (Matmon et al., 2005). Another example from an
arid region in Israel on fluvial sediments showed that all out of four
analyzed boulders yielded apparent ages that exceed the depositional
age of the fluvial terraces by tens of thousands of years (Guralnik et al.,
2011). In central Iran single cobbles and amalgamated pebbles from
two tectonically offset alluvial surfaces yielded '°Be ages that vary
from 18 to 65 ka and from 22 to 78 ka, respectively, whereas four
cobbles from the active river bed had °Be concentrations equivalent
to 6-18 ka of exposure (Le Dortz et al., 2009). The variable '°Be
concentrations of the amalgamated pebbles was most likely caused by
the small number of only ten pebbles which were amalgamated per
sample.

Given the problem that may be caused by the temporal deposition
and subsequent remobilization of boulders, an alternative approach of
dating alluvial surfaces is to analyze depth profiles in order to quantify
the pre-depositional nuclide component (Braucher et al., 2009; Hein
et al., 2009; Schaller et al., 2010). An important prerequisite for
applying this approach is the relatively rapid deposition of sediment
with a uniform inheritance and a thickness of at least ~1.5 m. The
gradually decreasing '°Be concentration in all our pits indicates that
fluvial sediment with a thickness of at least 1.7-1.8 m was indeed
deposited during formation of the different terraces (Fig. 5). Another
problem that may be encountered when applying depth profiles is
that the number of suitable pebbles or cobbles from a single lithology
is too small. As a result, the averaging of the inherited nuclide
component of individually clasts is not assured and the depth profiles
may not show an exponential decrease of the nuclide concentrations
with depth. Therefore, sand samples composed of a large number of
grains are better suited to constrain the pre-depositional nuclide
component than are samples consisting of a limited number of
amalgamated pebbles - as already documented by Perg et al. (2001),
Phillips et al. (1998), and Schaller et al. (2010).

6. Conclusions

We have applied three different approaches to date fluvial terraces
at the active mountain front of the Andes using in situ-produced '°Be
in quartz. Amalgamated samples of sand and pebbles yield consistent
exposure ages that have been corrected for an inherited nuclide
component. In contrast, all boulders except one contain such a high
and variable pre-depositional component that it is impossible to
determine the age of the terraces from their apparent '°Be ages.
Hence, in this study the determination of precise exposure ages relies
on the quantification of the inherited component using sand samples
from depth profiles and pebbles from an active stream. The inherited
10Be concentration in the amalgamated pebble samples is about four
times higher than that of the sand, which is related to their different
source areas and transport histories. The sand is largely derived from
soft and rapidly weathering Miocene sediments, which are exposed
near the active mountain front. In contrast, the pebbles (and
boulders) originate from resistant Triassic sandstones in the internal
part of the mountain chain and have a different exhumation and
transport history, including a period of intermittent storage.

In general, each of the three different exposure dating approaches
has his merits and pitfalls. If boulders do not contain a significant
inherited component and consist of resistant lithologies, they may
yield tightly clustered exposure ages, which is often the case for
moraines. Dating of amalgamated pebbles has the advantage that
pebbles are easy to collect, although mixing of different lithologies
should be avoided because each lithology may have a distinct mean
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inheritance. Unfortunately, the low abundance of pebbles often
prevents the sampling of a sufficient number of pebbles in depth
profiles. This hinders the determination of the inherited component,
although pebble samples taken in active streams may alleviate this
problem. When dating relatively young depositional surfaces that
have experienced only minor erosion, the inherited component may
be precisely determined with sand samples from depth profiles. This
approach may yield accurate exposure ages if bioturbation has not
disturbed the uppermost decimeters of the alluvial deposits.
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